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Human dUTP pyrophosphatase: uracil recognition by a b hairpin
and active sites formed by three separate subunits
Clifford D Mol1, Jonathan M Harris2, Evan M McIntosh2 and John A Tainer1*
Background: The essential enzyme dUTP pyrophosphatase (dUTPase) is
exquisitely specific for dUTP and is critical for the fidelity of DNA replication and
repair. dUTPase hydrolyzes dUTP to dUMP and pyrophosphate, simultaneously
reducing dUTP levels and providing the dUMP for dTTP biosynthesis. A high
cellular dTTP:dUTP ratio is essential to avoid uracil incorporation into DNA, which
would lead to strand breaks and cell death. We report the first detailed atomic-
resolution structure of a eukaryotic dUTPase, human dUTPase, and complexes
with the uracil-containing deoxyribonucleotides, dUMP, dUDP and dUTP.
Results: The crystal structure reveals that each subunit of the dUTPase trimer
folds into an eight-stranded jelly-roll b barrel, with the C-terminal b strands
interchanged among the subunits. The structure is similar to that of the E. coli
enzyme, despite low sequence homology between the two enzymes. The
nucleotide complexes reveal a simple and elegant way for a b hairpin to recognize
specific nucleic acids: uracil is inserted into a distorted antiparallel b hairpin and
hydrogen bonds entirely to main-chain atoms. This interaction mimics DNA base
pairing, selecting uracil over cytosine and sterically precluding thymine and ribose
binding. Residues from the second subunit interact with the phosphate groups
and a glycine-rich C-terminal tail of the third subunit caps the substrate-bound
active site, causing total complementary enclosure of substrate. To our
knowledge, this is the first documented instance of all three subunits of a trimeric
enzyme supplying residues that are critical to enzyme function and catalysis.
Conclusions: The dUTPase nucleotide-binding sites incorporate some features
of other nucleotide-binding proteins and protein kinases, but seem distinct in
sequence and architecture. The novel nucleic acid base recognition motif
appears ancient; higher order structures, such as the ribosome, may have
evolved from a motif of this kind. These uracil–b-hairpin interactions are an
obvious way for peptides to become early coenzymes in an RNA world, providing
a plausible link to the protein–DNA world. Within the b hairpin, there is a tyrosine
corner motif that normally specifies b-arch connections; this tyrosine motif was
apparently recruited to discriminate against ribonucleotides, more recently than
the evolution of the b hairpin itself.
Introduction
DNA integrity and function depends on processes that
either exclude or remove the normal RNA base uracil [1].
Uracil can arise in DNA through two distinct pathways:
the spontaneous deamination of cytosine, which must be
removed by uracil-DNA glycosylase [2], and the utilization
of dUTP in place of dTTP by DNA polymerase during
DNA replication [3], which must be prevented by dUTP
pyrophosphatase (dUTPase; EC 3.6.1.23), also called
deoxyuridine triphosphatase or dUTP nucleotidohydro-
lase). Misincorporation of dUTP by DNA polymerase dis-
rupts specific DNA recognition sequences critical to
transcription [4–6] and ultimately defeats the uracil base
excision repair pathway. High cellular dUTP concentra-
tions result in many A⋅U base pairs in DNA, leading to
cycles of uracil misincorporation followed by replicative
repair, generating multiple DNA-strand breaks and even-
tual cell death [7–10]. This cycle, termed thymine-less cell
death, which is the reason behind targeting thymidylate
synthase and dihydrofolate reductase in chemotherapeutic
drug design, indicates the key biological role of dUTPase
regulation of uracil metabolism.
Thymine-less cell death is precluded because the cellular
concentration of dUTP is kept low by dUTPase which
catalyzes the breakdown of dUTP to dUMP and PPi. In
addition, this mechanism provides the dUMP substrate for
dTTP biosynthesis thereby maintaining a high cellular
dTTP/dUTP ratio. Thus, in a single reaction dUTPase
ensures the fidelity of DNA replication, transcription and
uracil base excision repair. Furthermore, dUTPase is
essential in both E. coli [11] and Saccharomyces cerevisiae
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[12], which verifies its importance in DNA replication and
repair: dUTPase regulation in Drosophila suggests a role in
programmed cell death [13]. Many animal viruses (includ-
ing poxviruses, herpesviruses and several vertebrate retro-
viruses) encode dUTPases and dUTPase-deficient viruses
exhibit impaired replication in nondividing cells [14,15].
Both B- and D-type retroviruses, and non-primate
lentiviruses encode dUTPases, whereas the HIV Vpr
protein binds human uracil-DNA glycosylase [16], so
mammalian dUTP metabolism is of broad-based biological
importance. Moreover, human dUTPase, along with many
other DNA-repair enzymes, is colocalized to the nucleus
and mitochondria [17]: the nuclear species is specifically
phosphorylated at a serine residue within a consensus
phosphorylation site for a cyclin-dependent kinase [18],
suggesting that dUTPase is regulated in a cell-cycle-
dependent manner.
Inhibitors of human dUTPase may be useful as anti-
cancer chemotherapeutic compounds either alone or in
combination with existing treatments [19,20]. The differ-
ential effects of inhibitors on the activities of dUTPases
from herpes simplex viruses [21] and Epstein-Barr virus
[22] versus human dUTPase suggest that a detailed
knowledge of the structure of human dUTPase may assist
in the design of antiviral agents [23]. The crystal structure
of E. coli dUTPase showed the enzyme’s fold and trimer
assembly [24]; however, this trimer was crystallographic,
and the essential, sequence-conserved C terminus of each
subunit, was not seen in the electron-density maps. Unfor-
tunately, the E. coli structure also did not show the loca-
tion of the enzyme’s active site, how the exquisite
specificity for dUTP is conferred, or potential mechanisms
for cleaving dUTP to dUMP and inorganic pyrophosphate.
Thus, detailed structural information pertaining to these
key biological issues is lacking, as is the high resolution
structural characterization of any eukaryotic dUTPase.
Here, we present the refined crystal structure of trimeric
human dUTPase at 2.0Å resolution, together with struc-
tures of dUTPase complexed with bound dUMP, dUDP,
and dUTP. The active sites defined in the enzyme–
nucleotide structures lie at the three subunit interfaces and
comprise conserved residues from all three subunits.
Hydrogen-bond pairing between uracil and dUTPase,
which occurs by insertion of uracil into a distorted b hairpin
of one subunit, represents a new nucleotide-recognition
motif with implications for the evolution of RNA–protein
and RNA–polypeptide interactions. Nucleotide binding is
also notable for ordering the flexible C-terminal tail of the
third subunit, which caps the active site and interacts
specifically with the bound nucleotides. Structural and
mutational analysis (presented herein) implicates con-
served residues from each subunit in productive dUTP
binding and catalysis, and suggests a possible mechanism
for dUTP hydrolysis.
Results and discussion
Activity and specificity of human dUTPase
The dUTPase enzyme that we describe here is a fully
active recombinant human enzyme in which the N-termi-
nal 19 amino acids of the nuclear form of the enzyme [17]
have been replaced by six histidine residues. This six-His
tag was engineered into the cloned gene for human
dUTPase [20] to facilitate purification. Details of the
cloning, expression in E. coli, protein purification and the
assay of enzyme activity are given in the Materials and
methods section.
Recombinant human dUTPase is exquisitely specific for
dUTP. The specific activity of the enzyme, as determined
from the average of three independent experiments, is
30.2±2.4 mmol min–1mg–1. In contrast, none of the other
deoxyribonucleotide triphosphates that are normally found
in DNA are hydrolyzed (Fig. 1). In particular, dTTP is not
a substrate at the limit of detection of the assay (30 nmol
min–1mg–1), although a previous report suggested that
dTTP was slightly inhibitory to the enzyme and might be
a poor substrate [25]. Human dUTPase requires a divalent
metal ion for activity, and Mg2+ stimulates activity by
165%. Ca2+ inhibits and reduces activity to 31%, an effect
also seen with dUTPase from rat liver [26]. The pH activ-
ity profile for human dUTPase reaches an optimum at
pH 8.0, with greater than 90% optimum activity extending
over a pH range from 7.0–8.5. Hydrolysis of dUTP is
reduced outside this range, with only ~50% enzyme activ-
ity at pH 6.0 and ~32% activity at pH 9.0 (data not shown).
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Figure 1
The activity of human dUTPase for deoxyribonucleotide triphosphates
shows an exquisite specificity for dUTP. Results for dUTP are from a
single assay containing 0.2 mg purified enzyme. Assays for the other
deoxyribonucleotide triphosphates are an average of two experiments
each containing 1.0 mg purified enzyme with a single time point taken at
30mins. For all assays, control experiments performed with heat-
denatured enzyme confirmed that hydrolysis was due to enzyme activity.
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Structure determination
Recombinant human dUTPase crystallizes in the
orthorhombic space group P21212. The three subunits in
the crystallographic asymmetric unit form a trimer around
a noncrystallographic threefold axis located approximately
parallel to the crystallographic twofold axis. The human
dUTPase structure was determined by molecular replace-
ment using the E. coli dUTPase crystallographic trimer
[24] as a search model (see Materials and methods
section). Results verified the structural conservation of
dUTPase between bacteria and eukaryotes, despite the
fact that the E. coli and human enzymes share only 31%
residue identity (45 from a total of 141 amino acids). The
crystal structure determination and refinement statistics
are presented in Table 1. In the structure of the uncom-
plexed enzyme, all of the polypeptide-backbone atoms for
residues 1–126, and most of the side-chain atoms for all
three subunits are clearly visible in the final 2Fobs-Fcalc
electron-density map, including the region of the water-
filled active-site pocket (Fig. 2). The structures of human
dUTPase in complex with dUMP, dUDP, and dUTP were
determined by difference Fourier techniques between the
uncomplexed, human dUTPase structure and the com-
plexes. In these nucleotide-bound dUTPase structures,
residues 127–136 become ordered and the corresponding
amino acids were placed in the electron density. The
bound deoxyribonucleotides are well defined in the elec-
tron density from simulated-annealed omit Fobs-Fcalc maps
(Fig. 3). Details of the crystallization, data collection,
structure solution and refinement of these four structures
are given in the Materials and methods section.
Subunit, domain fold and trimer assembly
Each human dUTPase subunit folds into a b barrel with the
C-terminal b strand extended outside the subunit domain
(Fig. 4a,b) and interchanged among the three subunits,
forming the enzymatic trimer (Fig. 4c,d). Each folding
domain therefore contains two different polypeptide chains
that are tightly interlocked by swapped C-terminal
b strands. The domain fold is a distorted eight-stranded
b barrel consisting primarily of a six-stranded antiparallel
b jelly roll [27], formed in clockwise order by b2, b7, b4, b5,
b6, and b3, plus the adjacent and parallel N- and C-terminal
strands b1 and b8′, where b8′ is from the adjacent subunit
(Fig. 4a–d). This distorted b barrel is closed by a conical cap
formed by five antiparallel b strands, which extend from the
barrel, plus the single a helix: b2b, b6b, a1, b5, b6, and b3
(Fig. 4a,b). The exchanged C-terminal b strands are also
remarkable for continuing outside the domain fold as
glycine-rich, flexible tails that cap the substrate-binding
sites (Figs 4c,d,5).
Within the b barrel, b5 is broken into two parts by Ala75,
which is flanked by two glycines and is the only Ramachan-
dran outlier in the structure. The electron density in this
region is clear (Fig. 2) and places Ala75 in the slightly
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Table 1
Crystallographic data collection and refinement statistics.
Parameters Native dUMP dUDP dUTP
Unit cell dimensions (a,b,c [Å]) 73.0, 110.7, 53.0 71.9, 109.0, 51.2 73.2, 110.8, 53.2 73.4, 111.2, 53.6
Concentration (mM) 50 50 50
Soaking time (h) 18 72 24
Resolution (Å) 2.0 2.1 2.0 1.9
Observations 101 047 78 452 102 902 118 539
Unique reflections 29 007 23 324 28 406 33 600
I/s 8.3 11.8 10.8 13.3
Completeness (%) 97 96 94 95
Rsym (%)* 9.1 8.0 7.7 6.2
Final shell 2.07–2.00 2.18–2.10 2.07–2.00 1.97–1.90
Completeness (%) 99 96 82 73
Rsym (%) 45.3 23.5 32.3 29.4
Refinement
Protein atoms 3049 3231 3231 3231
Ligand atoms 60 72 88
Solvent atoms 288 219 193 188
Rvalue† 0.169 0.188 0.179 0.180
Rfree‡ 0.270 0.266 0.250 0.238
Rms deviations from ideality
Bond lengths (Å) 0.017 0.014 0.012 0.014
Bond angles (°) 2.78 1.57 2.34 2.49
*Rsym is the unweighted R value on I between symmetry mates.
†Rvalue = Σhkl|Fobs(hkl) – Fcalc(hkl)|/Σhkl|Fobs(hkl)|. ‡Rfree = the free R value
for 5 % reflections against which the model was not refined
disfavored g-turn region of the Ramachandran plot of main-
chain torsion angles. The structural effect of this break in
b5 is to create a pocket between b5 and b6 that lacks
b-strand hydrogen bonds: this pocket is a functionally
important feature (Fig. 3 and ‘Active-site pocket’ section
below). Residues 10–24 are extended, lacking regular
b-sheet hydrogen bonds except for a hydrogen bond from
Thr16 to Asp26. They interact with adjacent strands pri-
marily via side-chain to main-chain interactions. The
overall residue distribution (Fig. 5) is typical of b-barrel
folds, with the domain interior closely packed with
hydrophobic side chains. In cross section, the resulting
barrel and conical cap form a triangular-shaped domain
with a flat inner face and a sharply curved outer face. There
are no disulphide bridges within the subunit fold, although
the two cysteine residues of human dUTPase (Cys55 and
Cys111) are in close proximity to each other (Ca–Ca dis-
tance ~5.8Å) near the subunit interfaces. These reactive
cysteine residues may account for the reported inactivation
of human dUTPase by various mercury compounds [21].
The three subunits associate about a threefold axis of sym-
metry roughly perpendicular to the C-terminal b strands to
form an interlocked, propeller-shaped trimer of about 50 Å
per side and 40Å deep (Fig. 4c,d). The inner, flat b sheet of
the dUTPase subunit faces the trimer axis. The root mean
square (rms) deviation in the Ca positions of these sec-
ondary structure elements is 1.20 to 1.28 Å when each of the
human dUTPase subunits are compared with the E. coli
subunit. Thus, the overall fold shows a close resemblance
to the E. coli enzyme, despite the limited sequence homol-
ogy (Fig. 5) and the large evolutionary distance between
humans and bacteria, suggesting that the dUTPase trimer
is strongly conserved in biology. For comparison, the rms
deviation in atom positions between the human subunits,
both within each trimer and comparing the different free
and bound structures, is approximately 0.5 Å for all Ca
atoms and between 1.0 and 1.5Å for all atoms.
A channel runs down the molecular threefold axis, which is
open at one end and closed at the other by the three
exchanged b8 strands (Fig. 4d). Unlike the hydrophobic
channel of the E. coli enzyme, the human dUTPase
channel contains numerous water molecules, alternating
layers of positively and negatively charged amino acids and
two potential metal-ion-binding sites. Beginning at the
open end of the channel, charged side chains Glu39 and
Lys40 are directed into solvent, followed by Asp72, Arg58
and Glu112 side chains directed towards the molecular
threefold axis, and Arg113 side chain directed into solvent.
The three Arg113 residues form interlocked main-chain
hydrogen bonds to close the channel bottom. There is a
short hydrogen bond (~2.8Å) between the Oε2 atom of
Glu112 and the Nε atom of Arg58. The three Glu112 Oε1
atoms are directed towards the molecular threefold with
very short hydrogen bonds (~2.2Å) to a probable metal
ion, modelled as a water molecule. Similarly, the Asp72
Od1 atoms are directed towards a probable metal ion at the
molecule threefold axis, with hydrogen-bond lengths of
~2.4Å. Although these ligands were modelled as water
molecules in the refinement so that steric restraints would
strongly favor longer distances, the extremely short hydro-
gens bonds to Asp72 and Glu112 suggest that they may be
biologically relevant: they may form metal-ion-binding
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Figure 2
Stereo view of the human dUTPase model
and experimental electron density at one of
the three active-site pockets, which are each
formed by the subunit edge-to-side or lap-joint
interfaces. The 2Fobs– Fcalc electron-density
map (contoured at 1.0 s) shows the active-
site electron density of the uncomplexed
enzyme with the atomic coordinates refined at
2.0 Å resolution. The active sites occur at
subunit interfaces, with individual subunits
distinguished by yellow and green carbon
atoms. In the absence of nucleotide substrate,
the active-site pocket contains bound water
molecules (red crosses), and the C-terminal
tail that covers this region when substrate is
bound becomes invisible in the electron-
density maps. Key residues are labeled as
well as the conserved water molecule (HOH)
that forms a hydrogen bond to uracil O4 in the
nucleotide-bound complexes. (Figure
displayed using XFIT [70].)
sites, for example as sites of inhibitory Ca2+ binding in
mammalian dUTPases [26], or more likely as structural
sites for trimer stability.
Due to the polar channel about the molecular threefold,
the major subunit associations occur at the pairwise inter-
faces on the trimer perimeter and with the exchanged
C-terminal b strands (Fig. 4d). The sequence-conserved
loop between b1 and b2 (Thr16 to Tyr25) is sandwiched
between two segments of polypeptide from the adjacent
subunit, comprising the turn between b5 and b6 (Asp79 to
Gly84), and an extended region of chain between b7 and
b8 (Ile114 to Ile119) (Figs 4c,5). Thus, adjacent subunits
form broad lap joints (edge-to-side interactions) at the b5
edge. In this same lap-joint interface region, the Phe70
side chain anchors the single a1 helix into the adjacent
subunit via Phe91 and Phe93 located on b6. These three
residues interact across the threefold to form a phenylala-
nine cluster adjacent to the putative Asp72 metal-ion-
binding site. On the outside edge of the trimer, b8′ (from
the adjacent subunit) inserts parallel to b1 (Fig. 4a–c)
making extensive van der Waals’ and hydrogen-bonding
contacts involving residues that are not conserved in the
E. coli enzyme: Phe115 inserts between Met1 and Arg113,
Tyr116 and Pro117 carbonyls hydrogen bond to Arg17 and
Tyr25 side chains, and Ile119 takes part in hydrophobic
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Figure 3
Stereo views of three human dUTPase active-
site complexes showing the bound
nucleotides. Key residues are labeled and in
each case the electron density is from the
simulated-annealed Fobs– Fcalc omit map made
by excluding the bound nucleotide from the
phase calculation. (a) The dUTPase–dUMP
complex with electron density, contoured at
3.0 s (blue) and 6.0 s (red). Uracil is
recognized entirely by main-chain hydrogen
bonds (dashed yellow lines) to a b hairpin
motif formed by b5–b6. Residues from the
two separate subunits are distinguished by
yellow and green colored carbon atoms.
Positions of ordered solvent molecules are
shown by red crosses. (b) The
dUTPase–dUDP structure with electron
density contoured at 3.0 s (blue) and 7.0 s
(red). The C-terminal tail residue Phe135 (pink
carbons) caps the active-site pocket to
exclude solvent. Carbon atoms from the three
separate subunits are colored yellow, green
and pink. Two subunits contribute arginines
for interactions with the substrate phosphate
groups (Arg130 and Arg62). Ordered solvent
molecules are not shown. (c) The
dUTPase–dUTP complex with electron
density contoured at 3.0 s (blue) and 5.0 s
(red). Ser63 and the a1 dipole (lower right)
interact with the b-phosphate. Ordered
solvent molecules are not shown. (Figure
displayed using XFIT [70].)
interactions with Phe5 and Pro15 of the neighboring
subunit. Taken together these intersubunit interactions
are extensive, with 42 % (3500/8300Å2) of the solvent-
accessible subunit surface buried in the trimer, and major
contributions to this buried interface coming from the b8
strand exchange.
Active-site uracil-recognition pockets
The distribution of conserved residues (Fig. 5) on the
folded structure and assembled trimer is strikingly asym-
metric: most conservation falls predominantly within and
around the three clefts between adjacent subunits and in
the pocket between b5 and b6 (Fig. 6a) within each
subunit. Moreover, mutations that affect enzyme activity
cluster to these sequence-conserved and charged clefts, and
the dUTPase–nucleotide structures identify them as the
substrate-binding sites (Figs 3,4d). In the uncomplexed
structure (Fig. 2) these three active-site clefts, and the
regions abutting them at the three subunit interfaces,
contain charged and polar amino acids and several ordered
solvent molecules. The electrostatic potential in these
regions is highly complementary for binding the negatively-
charged dUTP substrate and positively-charged metal ions
(Fig. 6b,c). Within each of these clefts, the uracil inserts
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Figure 4
Subunit fold, trimer assembly and active-site
location of human dUTPase. (a) A stereo
ribbon diagram showing the eight-stranded
b barrel subunit fold and C-terminal strand
exchange. Each triangular domain fold
contains the C-terminal strand from a
neighboring subunit (green) with the
secondary structure within the polypeptide
chain color-coded for b strands (orange),
a helix (blue), and loop (pale blue). Note the
extension of the C-terminal strand away from
the domain for insertion into a neighboring
domain. (b) dUTPase subunit fold with
labeled secondary structure in the same
orientation and coloring as described in (a).
b-strand and a-helix numbering is defined in
the text and colored blue and white for clarity.
(c) Topology diagram for the b strand
swapped dUTPase trimer. Each of the three
active sites assembles at a subunit interface.
The b strands and a helix for one of the
subunits are labeled as in (b) and described in
the text. C and C* indicate ends of the
visualized polypeptide chains for strands
swapped among subunits, in the absence and
presence of bound nucleotide, respectively.
(d) The dUTPase trimer and three active-site
regions shown as a stereo ribbon diagram.
The individual subunits of the trimer are
colored orange, green and purple, with the
coil regions colored pale blue except for the
C-terminal loop extension, which is colored by
subunit. The b-strand interchange among
subunits interlocks the trimer. The enzyme
active sites are shown by the bound dUMP
molecules (pale blue tubes and colored balls:
red, oxygen; blue, nitrogen) observed in the
enzyme–dUMP crystal structure. (Figure
displayed using standard and local modules of
the AVS graphics system [AVS Incorporated,
Waltham, Massachusetts].)
into the dUTPase b sheet by binding in the pocket
between b5 and b6 formed by the bulge at b5 Ala75 in each
of the three subunits.
Recognition of the uracil deoxyribose nucleoside is
accomplished almost entirely by this unique b5–b6
hairpin motif (Fig. 7). There is a hydrogen bond between
the amide of b5 Gly74 and the carbonyl of b6 Val89, and
b5 is then interrupted by the Ala75 bulge (Fig. 2) allowing
the uracil ring insertion between adjacent antiparallel
b strands (Fig. 3a). There is a conserved structural water
molecule, present in the uncomplexed as well as all three
nucleotide-bound complex structures, that forms hydro-
gen bonds to the b6 Val89 amide and b5 Gly74 carbonyl
and also to uracil O4 in the nucleotide-bound structures.
The main-chain hydrogen bonds of b6 Val89 to b5 Gly74
via water, and to b5 Gly76 via water and uracil O4, form a
b-bulge hydrogen-bonding pattern [28]. Uracil insertion
makes two more b-strand hydrogen bonds to b6: uracil N3
to the carbonyl of Gly87 and uracil O2 to Gly87 amide,
which complete the mimicry of base-pair hydrogen bonds
by the b-hairpin polypeptide backbone. These hydrogen
bonds effectively discriminate against cytosine, which
cannot donate a hydrogen bond to the Gly87 carbonyl or
accept a hydrogen bond from the Gly76 amide. The close
approach of Ala75 Cb (~3.7Å), Gly74 N (~3.6 Å) and the
adjacent subunit Ser63 Cb (~3.5Å) to the uracil C5 posi-
tion excludes dTTP binding, which is consistent with the
exquisite base specificity seen in the activity data (Fig. 1).
The human dUTPase active-site pocket within each
subunit specifically recognizes a deoxyribose sugar. The
nucleoside-specific binding pocket is completed by con-
served b5 Ile78, which lies beneath the uracil ring and the
C2′ edge of the deoxyribose sugar. Direct b5–b6 hairpin
hydrogen bonds occur again at the Asp79 to Tyr82 tight
turn. This hydrogen bonding positions the tyrosine aro-
matic ring to pack with the deoxyribose while sterically
blocking ribose binding (tyrosine to sugar 2′ position ~3.5Å;
Figs 7,8), and the conserved Asp79 Od1 to hydrogen bond
to the deoxyribose O3′ (~2.6Å) (Fig. 3a–c,8). The tyrosine
ring position is also stabilized by hydrogen bonds to the car-
bonyl of Asn85 (~2.6Å) and potentially to the uracil O2
atom (~3.8Å). Thus, hydrogen bonding and steric interac-
tions within the b5–b6 hairpin form the specific recognition
pocket for the uracil deoxyribose nucleoside. Equivalent
Tyr82 discrimination against ribonucleosides carrying a 2′
hydroxyl would be expected for the tyrosines in E. coli [29]
and feline immunodeficiency virus [30] dUTPases that
have been implicated in catalysis, by biochemical studies.
This tyrosine-ring position and hydrogen bond to Asn85 at
the end of the b hairpin is unusual as such tyrosine corners
are normally found at the end of a Greek-key connection
(b arch) in most b-barrel proteins, but essentially nowhere
else [31]. These tyrosine corners are thus implicated in
b-barrel folding and characteristically lie at the barrel end
furthest from the active site. In the dUTPase structure, in
contrast, the tyrosine corner is forming part of the deoxyri-
bose specificity pocket. The potential for the Asp79 side
chain to interact with dUTP O3′ was noted from sequence
similarities between dUTPases and phosphofructokinases
[32]. The observed interactions of equivalent residues to
dUTPase Ile78 and Asp79 with a deoxyribose sugar also
occur in a phosphofructokinase-fructose-1,6-bisphosphate
complex [33].
Based on the specificity determinants in the active site of
human dUTPase, comparisons can be made with the E. coli
structure, where the active site was not known [24]. The
overall size and shape of the uracil-binding pocket is con-
served in the E. coli enzyme although the residues that cor-
respond to Gly87 and Val89 in human dUTPase are a
methionine and a serine, respectively, in E. coli dUTPase
(Fig. 5). The human and E. coli enzymes differ significantly
in the critical area surrounding the uracil C5 position. There
is an insertion of an asparagine and a leucine residue in E.
coli dUTPase (Fig. 5), at the approximate position of Ala75
in the human enzyme, that causes the polypeptide chain to
protrude into the channel at the molecular threefold, and
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Figure 5
Human dUTPase amino-acid sequence, secondary structure and
residue conservation and homology with E. coli dUTPase. The human
dUTPase amino-acid sequence (top line) is listed along with the
sequence of E. coli dUTPase (bottom line). Numbering of every tenth
amino acid is listed beneath the sequences and is with respect to
human dUTPase. Secondary structure elements of human dUTPase
are listed above the sequence and labeled as described in the text.
Strictly conserved residues among the nine aligned dUTPase
sequences (see Materials and methods section) are boxed in pink, with
conserved residues in yellow.
β8’
 β1 β2 β2b
MQLRFARLSEHATAPTRGSARAAGYDLYSAYDYTI--P
VKILDPRVGKEFPLPTYATSGSAGLDLRACLNDAVELA
                 10                 20                 30
PMEKAVVKTDIQIALPS-GCYGRVAPRSGLAAKHFIDV
PGDTTLVPTGLAIHIADPSLAAMMLPRSGLGHKHGIVL
 40                 50                   60                 70
G--AGVIDEDYRGNVGVVLFNFGKEKFEVKKGDRIAQL
GNLVGLIDSDYQGQLMISVWNRGQDSFTIQPGERIAQM
               80                 90               100
ICERIFYPEIEEVQALDDTERGSGGFGSTGKN
IFVPVVQAEFNLVEDFDATDRGEGGFGHSG--
                 120                130                140
β3 β4  α1 β5a
  β5b                       β6                   β6b            β7
contributes to the more hydrophobic nature of this inter-
face in the E. coli versus the human enzyme. Atoms equiv-
alent to the Gly74 carbonyl and Ala75 Cb in human
dUTPase are likely to be the Od1 and Nd2 atoms of an
asparagine side chain.
Some aspects of these dUTPase interactions resemble
those in other nucleotide-binding proteins. dUTPase
main-chain hydrogen bonds recognize the uracil O2, N3
and O4 atoms by mimicking base-pair hydrogen bonds
(Fig. 7). These hydrogen bonds partly resemble adenine
recognition by the catalytic subunit of cAMP-dependent
protein kinase (cAPK) [34–36] and the cyclin-dependent
kinase 2 (CDK2) [37]. In these kinase complexes, adenine
N6 forms a hydrogen bond to a backbone carbonyl and
adenine N1 to a backbone amide, which is similar to the
uracil O4 and N3 interactions with the amide of Gly76
and carbonyl of Gly87, respectively (Fig. 3a). In contrast
to these main-chain interactions to the nucleic-acid base,
the three other enzymes that specifically recognize uracil
(uracil-DNA glycosylase [2,38], thymidylate synthase
[39], and uridylate kinase [40]) all rely on conserved
asparagine or glutamine side chains within assembled
protein surface pockets to specifically recognize the N3
and O4 atoms of uracil. The dUTPase b-hairpin motif,
thus, confers base specificity while allowing variation 
in amino-acid residues. In addition, dUTPase resembles
cAPK and CDK2 in that the base portion of the
nucleotide is buried in a hydrophobic pocket, unlike the
family of mononucleotide-binding proteins typified by
adenylate kinase [41] and the G protein H-ras-p21 [42] in
which the nucleic-acid base is bound on the surface of the
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Figure 6
The human dUTPase molecular surface at the
active-site regions. (a) The molecular surface
viewed to show the active-site region is colored
by residue conservation for strictly conserved
residues (red), highly conserved residues (gold),
and non-conserved residues (blue). Conserved
residues cluster in and around the cleft at the
subunit interface, and the pocket between the
b5–b6 hairpin. The C-terminal tail of the third
subunit, which caps the substrate-bound active
sites, has been truncated at Asp126 (gold knob,
lower right). The glycine-rich flexible tail extends
from this position to the conserved active-site
region at the subunit interface. (b) Electrostatic
potential at the molecular surface, color-coded
for positive (blue), negative (red) and near
neutral (white) potential, as viewed in (a). The
dUMP observed in the enzyme–dUMP complex
structure (oxygen, red; nitrogen, blue;
phosphate, yellow), binds within the surface
pocket. Negative electrostatic potential below
the dUMP phosphate group is appropriately
positioned to bind the divalent metal ions
required for catalysis, whereas the area of
positive electrostatic potential above and to the
right of the dUMP phosphate binds
pyrophosphate in the dUTP-bound structure.
The bluish-white knob positioned behind and
above the dUMP phosphate (center) is the side
chain of a1 Ser63. (c) Details of the dUTPase
electrostatic potential and molecular surface
interaction with bound dUTP. The dUTP position
is taken from the enzyme–dUTP complex
structure. The molecular surface reveals the
complementary fit of uracil into the b-hairpin
motif (deep pocket center left), the close contact
from Tyr82 that discriminates against the ribose
20 hydroxyl (center left below pocket), and the
negative potential (bottom center red surface)
expected to favor metal-ion binding in the
presence of the nucleotide phosphates. The
exact phosphate positions and metal ions (cyan
spheres) are modeled as described in the text.
(Figure displayed using standard and local
modules of the AVS graphics system.)
protein. But dUTPase differs significantly from the
protein kinases in that the hydrophobic pocket for uracil
is formed by insertion into an anti-parallel b hairpin
whereas the hydrophobic pocket in cAPK and CDK2 is
formed by a b sheet and a loop connecting two domains,
with the adenine ring packing against the b sheet and 
not inserting into it. Thus, the specific recognition of a
nucleic-acid base via insertion into an antiparallel
b hairpin by dUTPase is likely to represent a new protein
structural motif for nucleic-acid recognition, which shares
some similar interactions with existing motifs.
This dUTPase structure provides a simple and elegant
way for a b hairpin, which is one of the most basic and
common elements of protein secondary structure, to rec-
ognize nucleic acids via a novel b-strand insertion struc-
tural motif. Such interactions could resemble those in the
ribosome, where RNA and polypeptide scaffolds may
assist in mutual folding to achieve a properly folded cat-
alytic structure. As dUTPase is the enzyme primarily
responsible for excluding uracil from DNA, and we find
global structural conservation between eukaryotic and
bacterial enzymes, it is likely to represent both an
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Figure 7
The novel b-hairpin recognition motif for uracil
in dUTPase, with a tyrosine corner motif
providing the discrimination against ribose. The
bound dUMP (standard atom coloring) and
b5–b6 hairpin are from the enzyme–dUMP
crystal structure. In each of the three active
sites, uracil is recognized entirely by main-chain
hydrogen bonds (dotted white lines) to a b-
hairpin motif formed by b5–b6. The tightly
bound, conserved water molecule is shown as
a pink sphere. (Figure displayed using standard
and local modules of the AVS graphics
system.)
Figure 8
Schematic of dUTPase–substrate interactions
showing the structural basis for the exquisite
specificity for dUTP that requires all three
subunits. Hydrogen bonds ( < 3.4 Å) are shown
(dashed lines) with the donor–acceptor atom
distance beneath the protein atom label.
Hydrophobic interactions (wavy lines) are
shown only for the key residues Tyr82, which
packs against the deoxyribose, and Phe135,
which stacks above the bound uracil base.
Uracil and deoxyribose are primarily recognized
by one subunit (gold rectangles), phosphate
groups by the adjacent subunit (purple
rectangles), whereas the bound substrate is
capped by residues from the C-terminal tail of a
third subunit (blue rectangles).
ancient enzyme activity and an early recognition motif.
Such a b-strand motif for uracil recognition may thus be
representative of the early evolution of interactions
between nucleic acid and peptide, when the exclusion of
uracil from DNA presumably took place. This relatively
simple RNA–peptide association may have been the seed
from which higher-order structures eventually evolved.
Experimental support for this idea that the b-hairpin
motif may have initially recognized RNA nucleosides
comes from the recruitment of the tyrosine corner within
the b hairpin to discriminate against the ribose 2′
hydroxyl. Such tyrosine corners are otherwise found only
in Greek-key (b arch) connections, where they probably
stabilize the b arch relative to the hairpin connection
[31]. As the tyrosine corner is considered a local sequence
motif that strongly favors tertiary folding against a
b-hairpin connection, the tyrosine corner within the
dUTPase b hairpin would seem to reflect an evolutionary
development occurring after the overall folding was 
otherwise determined.
Interactions with the phosphate groups
Enzyme residues that interact with the phosphate groups
come almost exclusively from the subunit adjacent to that
which recognizes the uracil and deoxyribose sugar (Fig. 8).
The position of the a-phosphate group is conserved in all
of the enzyme–nucleotide complex structures and binds
near the positive dipole of a1 (Fig. 3a–c and Fig. 4–d):
interaction between a helical dipole and a phosphate is
often seen in nucleotide-binding proteins [43]. In the
dUTPase–dUMP complex, the a phosphate is within
direct hydrogen-bonding distance of the a1 Ser63 Og
atom from the subunit adjacent to that forming the
b-hairpin pocket, which binds the deoxyuridine (Figs
3a,8). In the enzyme complexes with dUDP and dUTP,
however, the Ser63 Og is also within hydrogen-bonding
distance of an oxygen from the b phosphate (Fig. 3b,c).
The orientation of the b-phosphate group is stabilized by
two short hydrogen bonds between separate phosphate
oxygens and the backbone amides of Ser63 and Gly64
(Fig. 8), and there is an electrostatic interaction between
the b phosphate and the guanidinium of Arg62 (Fig. 3c).
In the dUTPase–dUTP complex, the a and b phosphates
bind identically to those in the dUMP and dUDP com-
plexes, but the g phosphate binds in different conforma-
tions in the three crystallographically independent active
sites. Although the electron density for the g-phosphate 
is less clear than that for the a- and b-phosphates
(Fig. 3a–c) in all three enzyme-nucleotide structures,
dUTP binding is apparently accompanied by an Arg62
side-chain rotation that maintains an interaction with the
b-phosphate. The g-phosphate occupies the vacated
Arg62 side-chain position, allowing an interaction with
the guanidinium of the third conserved arginine, Arg105
(Figs 5,8). This g-phosphate position apparently creates
an unfavourable electrostatic interaction with the a-phos-
phate forming a site that would be highly favourable for a
bridging divalent metal ion. Fully productive dUTP
binding may, therefore, involve a bridging Mg2+ ion
bound between the a- and g-phosphates (Fig. 6c). Such a
position for a metal ion has been observed before in the
crystal structures of both the murine [34] and porcine
heart [36] catalytic subunits of cAPK. With an Mg2+ ion
bound in this location, conserved Asp79 is too far away
(~6 Å) to be a metal ligand, but may instead have a cat-
alytic role. Asp79 Od2 does form a hydrogen bond, facili-
tated through a tightly bound water molecule, with
Gln108 Oε1 (Fig. 2). This strictly conserved glutamine
residue also forms a hydrogen bond from its Nε2 atom to
the Pro61 carbonyl. These considerations suggest that
Gln108 may play a structural role and assist catalysis by
ensuring the correct water structure in the vicinity of the
bound metal ion and scissile phosphoester bond.
Conformational variability of the triphosphate groups of
protein-bound nucleotides analogous to those of the
dUTPase complexes has been described in several struc-
tures of protein kinases in complex with ATP. This vari-
ability appears to be linked to the number and positions of
divalent metal ions. In the MAP kinase ERK2 ternary
complex with Mg2+ and ATP, only one metal ion bridges
the a- and b-phosphates, and the g-phosphate of the ATP
is disordered [44]. In the G protein H-ras p21 complexed
with Mg2+ and a GTP analog, a single metal ion bridges
the b- and g-phosphates [42], and the triphosphate is in a
more extended conformation. In the cAPK complexes,
two Mg2+ ions bridge the b- and g-phosphates and a- and
g-phosphates, respectively [34,36]. But in the CDK2
complex structure with Mg2+ and ATP the conformation
of the b-phosphate is drastically different from that
observed in the H-ras p21 and cAPK structures and a
single Mg2+ ion bridges the oxygens of all three of the a-,
b- and g-phosphates [37]. The position for the b-phos-
phate in the dUTPase complexes with dUDP and dUTP
is clearly defined (Fig. 3b,c), and the conformation of the
triphosphate is similar to that seen in the cAPK structures,
suggesting that two Mg2+ ions can be accommodated in
the dUTPase nucleotide-binding site.
The major change in dUTPase upon nucleotide binding is
the ordering of the C-terminal tails (detailed below), and
changes to other residue conformations are not significant.
There is, however, an increased ordering of the residues
that interact with the bound nucleotides that is reflected
in a general decrease in their temperature values, particu-
larly for the b5–b6 distorted antiparallel b hairpin into
which the uracil base inserts. The temperature values for
these residues are on average 4–6Å2 lower in the bound
versus free structures. Asp79 has a temperature factor
decrease of nearly 10Å2, which is comparable with the
average temperature value shift seen for residues Arg62
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and Arg105 that interact with the phosphates. Aside from
these interactions, with one subunit in each of the three
active sites interacting with the uracil and deoxyribose
inserting into the b hairpin and the other subunit interact-
ing with the phosphate groups, the remaining critical
interactions with bound nucleotides all involve conserved
residues in the flexible C-terminal tail of the third subunit
of the enzyme (Fig. 8).
Ordering of the flexible C-terminal tails
The glycine-rich C-terminal tails, which are disordered in
the uncomplexed structure, become ordered upon ligand
binding to each of the enzyme’s active sites (Fig. 3a–c).
Although the electron density is strongest for the
dUTPase–dUDP complex, all of the enzyme–ligand com-
plexes show that both of the two strictly conserved non-
glycine residues in this flexible tail, Phe135 and Arg130
(Fig. 5), interact specifically with bound substrate (Fig.
3b,c). Phe135 caps the uracil-recognition pocket by stack-
ing over the uracil ring (Fig. 8). Such a ‘Phe-lid’ in an
enzyme active site has been observed before in the struc-
ture of human hypoxanthine-guanine phosphoribosyltrans-
ferase in complex with GMP [45], and may hold the uracil
in place while excluding water from the active site. The
Phe135 uracil interaction may also help ensure the correct
Arg130 position. The Arg130 Ne atom forms a hydrogen
bond with conserved Asp81 Od1 and its guanidinium
group lies adjacent to the a-phosphate. Here, it may facili-
tate the reaction by stabilizing the negative charge that
develops on the a-phosphate when the phosphoester bond
linking the a- and b-phosphates is cleaved (Fig. 3b). The
polypeptide chain between Arg130 and Phe135 makes a
sharp turn, with Gly131 possessing main-chain torsion
angles that are disallowed for residues with a b carbon.
The backbone carbonyl of Gly131 and Og atom of Ser132
form hydrogen bonds to the backbone amide and carbonyl,
respectively, of Arg83 of the b hairpin that binds the uracil
moiety. Residue Gly134 is strictly conserved as the side
chain of any other amino acid would clash with the O4′
atom of the deoxyribose sugar. There are also two hydro-
gen bonds observed from the backbone amides of Phe135
and Gly136 to the O5′ and O2P oxygens of the a-phos-
phate group (Fig. 8). In the complexes with dUDP and
dUTP, the Gly136 amide could also potentially form
hydrogen bonds with the b-phosphate group. Although
residues Ser137 to Asn141 are not included in the model,
the protein-chain direction suggests that these residue side
chains and protein backbone may also interact with the
phosphate groups of dUTP.
These interactions of a glycine-rich polypeptide segment
with bound nucleotides are a relatively common feature of
nucleotide-binding proteins [46]. The classic dinucleotide-
binding proteins, such as the dehydrogenases that utilize
NAD [47] or the oxidoreductases that use FAD [48], have
the consensus sequence Gly–X–Gly–X–X–Gly, where X
denotes any amino acid. The first two glycines contact the
dinucleotide phosphates and are required at these posi-
tions owing to their unfavorable main-chain dihedral
angles. The other glycine is part of an a helix that forms
the characteristic bab fold that directs the helix dipole at
the phosphates [43]. In the mononucleotide-binding pro-
teins typified by adenylate kinase [49] and H-ras p21
[42,50], the consensus sequence for the glycine-rich loop is
Gly–X–X–Gly–X–Gly–Lys with the final two glycines
again having dihedral angles that are unfavorable for
residues with a side chain. In these proteins, the glycine-
rich loop forms a ‘giant anion hole’ [51] that interacts with
nucleotide phosphate groups and the lysine side chain
forms hydrogen bonds with oxygens of both the b- and
g-phosphates.
The dUTPase glycine-rich tail also has a counterpart in the
protein kinases cAPK and CDK2. The glycine-rich loops in
cAPK and CDK2 have a consensus Gly–X–Gly–X–X–Gly
sequence that is identical to the dinucleotide-binding pro-
teins, but this loop connects two antiparallel b strands
without an intervening a helix directing its dipole at the
nucleotide phosphates. The protein kinases also have a
lysine side chain that interacts with the phosphates, but this
lysine is from a separate b strand to those connected by the
glycine-rich loop. Superposition of the bound nucleotides
from the cAPK and CDK2 structures onto the nucleotides
bound to dUTPase (not shown) reveals some similarities
between their respective binding sites. Both the kinase
loop and the dUTPase tail cover the bound nucleotide
almost completely with both approaching the nucleotide
from the same side. At the position of Phe130 in dUTPase,
which stacks over the uracil, there is a conserved valine in
the kinases that packs against the hydrophobic adenine ring
of the ATP. The dUTPase glycine-rich tail, thus, appears
to have some features in common with the glycine-rich
loops in other nucleotide-binding proteins, but its consen-
sus sequence, Arg–Gly–X–Gly–Gly–Phe–Gly, is unlike any
described so far. Glycine residues may be conserved for
polypeptide segment flexibility, their main-chain dihedral
angles (Gly131), steric reasons (Gly134) or directing their
backbone amides at the nucleotide phosphates (Gly136)
(Fig. 8). The dUTPase nucleotide-binding site thus incor-
porates features from other nucleotide-binding proteins,
including the glycine-rich loop and an a helix whose dipole
is directed at the phosphate groups, but the binding-site
architecture and sequence motifs are apparently unrelated
to previously determined protein structures.
Each of the three human dUTPase nucleotide-binding
sites is notable in that it is formed by parts of three sepa-
rate subunits (Fig. 8). Binding sites between two subunits
have been observed before with either a nucleotide
[52,53] or a phosphorylated sugar [54] substrate. However,
the structure of human dUTPase that we have described
is to our knowledge the first documented instance of all
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three subunits of a trimeric enzyme coming together to
form each of the three active sites with the contribution
from each subunit being significant: each subunit supplies
residues that are critical to enzyme function and catalysis
in all three active sites.
Site-directed mutants, activity and ternary-complex model
To investigate the roles of residues identified from the
dUTPase–nucleotide structures as being potentially
involved in dUTP binding and catalysis, site-directed
mutants at three residue positions were generated and
assayed for dUTP and dTTP binding and for enzymatic
activity: subunit one b hairpin (Ala75→Gly), subunit two
a1 (Ser63→Cys, Ser63→Ala), and subunit three C-termi-
nal tail (Phe135→Ala). In designing these three mutants,
care was taken to make conservative substitutions in order
to minimize the possibility that the mutation results in an
enzyme that is misfolded and, therefore, inactive. For this
same reason, residues that had obvious structural roles,
such as Gln108, were not selected for mutation. These
three site-directed mutants exhibited similar chromato-
graphic behaviour to the wild-type enzyme during the
purification steps and also all three mutants formed
trimers as judged by native gel electrophoresis (data not
shown). The Ala75→Gly substitution was designed to test
the role of the distorted b-hairpin in uracil recognition and
binding (Fig. 7), whereas the Ser63 substitutions should
influence the binding site for the a-phosphate group and
its interactions with the helical dipole of a1. The
Phe135→Ala mutation examines the role of capping the
substrate-bound active site by the C-terminal tail (Fig. 8).
Thus, active-site residues that tested the importance to
binding and catalysis of all three subunits were mutated.
All three mutations resulted in reduced dUTP binding
and enzyme activity (data not shown). In particular, the
isosteric substitution of cysteine for Ser63 resulted in a
mutant enzyme with greatly reduced activity, as did sub-
stitution of Ser63 with alanine. These results suggest a
role for Ser63 in properly orienting the a-phosphate and
perhaps also in stabilizing the developing negative charge
on this group via the a1 helical dipole. The impaired
enzyme activity of Ala75→Gly may reflect an inability 
of this mutant to bind uracil, as a glycine may relieve the 
distortion in the b5–b6 hairpin resulting in the formation
of cross-strand antiparallel b hairpin hydrogen bonds and
the collapse of the uracil-recognition pocket (Fig. 7). Simi-
larly, the importance of capping the active site by the
C-terminal tail is shown by greatly reduced activity for the
substitution of Phe135 by alanine. The stacking of the
phenylalanine side chain with the bound uracil thus
appears pivotal for ordering the C-terminal tail (Fig. 8).
This C-terminal cap may be critical not only for bringing
the Arg130 side chain into position to interact with the
dUTP a-phosphate, but also for ensuring active-site
exclusion from bulk solvent.
Based upon the available structural, biochemical and muta-
tional data for dUTPases, we can begin to elucidate the
interactions that take place between the enzyme and bound
dUTP substrate, and the potential catalytic roles of con-
served enzyme residues. A model for the ternary complex
between dUTPase, the dUTP substrate and divalent Mg2+
ions was constructed based on the observed interactions in
the enzyme–nucleotide complexes and on the strictly con-
served enzyme residues likely to have important catalytic
roles. The interactions seen in the crystal structure of cAPK
in complex with Mg2+ and ATP [34–36] were also taken
into account. The dUTPase–nucleotide complexes suggest
that the phosphate groups are not all in the exact positions
they would occupy in a productively bound ternary
complex, but rather are reacting to the absence of metal
ions by slight shifts to avoid the negatively-charged and
probable metal-ion binding region of the enzyme active site
(Fig. 6b,c). In the model of the productive complex, the
dUTP b-phosphate interacts specifically with Arg62 and
the g-phosphate with Arg105. This orientation places the
side chain of the strictly conserved residue Asp26 in posi-
tion to ligate a Mg2+ ion that bridges the oxygens of the b-
and g-phosphates. As seen with cAPK, a second Mg2+ ion,
bridging the oxygens of the a- and g-phosphates, may be
centrally located in the dUTPase active site. The absolute
requirement of dUTPase for divalent metal ions suggests
that a metal ion plays a role in catalysis. Although this
requirement for metal ions may be purely structural, facili-
tating a general coalescence of the catalytic enzyme
residues around the bound metal ions and phosphate
groups, the structurally implicated central location of the
second Mg2+ ion suggests that it is positioned to facilitate
the attack of an activated nucleophile on the a-phosphate.
Although many potential reaction mechanisms can be
envisioned, the location and particular environment around
Asp79 suggests a role in catalysis. The pKa of Asp79 may
be altered, as the active site is excluded from bulk solvent
when capped by the C-terminal tail, so Asp79 may become
protonated by stripping a hydrogen from a bound water
molecule to generate a hydroxy nucleophile. This nucle-
ophile would be positioned for a direct in-line attack on the
a-phosphate, resulting in an inversion of its configuration
and generating the resonance-stabilized pyrophosphate
leaving group. The charge neutralization of the dUTP b-
and g-phosphates by Arg62 and Arg105 may stabilize the
pyrophosphate leaving group and polarize the scissile bond
prior to, or in concert with, attack of the nucleophile.
After scissile-bond cleavage, the flexible C-terminal arm
could also play a role in ensuring that the enzyme is once
again capable of binding a fresh dUTP substrate. As with
many other DNA-repair enzymes, dUTPase is faced with
the problem that the product of the reaction, in this case
dUMP, is also an inhibitor of the enzyme. After bond
cleavage, the particular interactions that result in the
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packing of the C-terminal arm above the active site are
likely destabilized so the arm would once again become
less ordered. In this process, the attractive forces of the
Phe135 ring and Arg130 guanidinium with the dUMP
uracil and phosphate might be sufficient to dislodge the
dUMP from the active site thereby promoting product
removal and fresh dUTP binding. This model also sug-
gests that there may be an allosteric contribution to pro-
ductive ternary-complex formation. Mg2+-dUTP binding
may be accompanied by slight subunit domain rotations
that close down one active site with a concomitant opening
up of a distant active site. Thus, although the three
dUTPase active sites are composed of identical enzyme
residues, they may not be strictly equivalent, and the bio-
logic trimer may have evolved to ensure that at least one
active site is always available to bind dUTP from solution.
Biological implications
dUTPase is an essential enzyme that ensures the fidelity
of DNA replication, transcription and base-excision
repair by hydrolyzing dUTP to dUMP and pyrophos-
phate. By providing the dUMP for dTTP biosynthesis,
dUTPase ensures that the cellular dTTP:dUTP ratio is
kept at a high level. High cellular dUTP concentrations
lead to repetitive cycles of uracil misincorporation and
removal that cause multiple DNA-strand breaks and
eventual cell death. This cycle of thymine-less cell death
is targeted by chemotherapeutic drugs designed against
thymidylate synthase and dihydrofolate reductase and
underscores the critical biological role of dUTPase. To
further understand the structural basis for dUTPase
specificity and activity, and to assist in the design of
potential, anti-cancer inhibitors of the enzyme, we have
cloned, overexpressed and characterized the activity of
human dUTPase. We crystallized this recombinant
human enzyme and determined its crystal structure to
characterize its fold and trimeric assembly. Crystal
structures of the enzyme in complex with dUMP, dUDP
and dUTP nucleotides reveal the structural basis for its
extreme specificity. This specificity is critical for both
DNA and RNA integrity and is essential to cell survival.
Together, these human dUTPase structures establish
that the trimeric enzyme has three active sites, which
occur at the subunit interfaces. Uracil recognition is
achieved by insertion of the uracil ring into a distorted
b hairpin, forming specific hydrogen bonds with main-
chain atoms of the enzyme, mimicking DNA base-
pairing and precluding cytosine binding. Thymine- and
ribose-sugar binding are prevented by steric clashes with
conserved enzyme residues. Interactions with the phos-
phate groups are primarily with the subunit adjacent to
that binding the uracil and deoxyribose moieties, while a
glycine-rich, flexible C-terminal tail of the third subunit
becomes ordered upon substrate binding and caps the
substrate-bound active site. Each productive dUTPase
active-site complex is thus formed by elements from all
three subunits of the biological trimer.
Besides identifying the active site and basis for dUTP
recognition and specificity, these structures reveal a
novel motif for interactions between nucleic acid and
polypeptide, with potential implications for the evolution
of the RNA world. Base exposure in RNA allows for
folded, catalytic RNA molecules and has suggested
mechanisms for RNA self-replication. The atomic-reso-
lution structures of human dUTPase–nucleotide com-
plexes reveal a simple and elegant way for the unique
power of base-pairing recognition to be transferred
between nucleic-acid and polypeptide conformation, for
one of the most common elements of protein structure,
the antiparallel b hairpin. Thus, an exposed uracil can
guide the formation of complexes between nucleic acid
and polypeptide backbone that leave amino-acid side
chains available to do chemistry. Furthermore, this work
suggests mechanisms for primordial RNA–polypeptide
interactions thought to be ancestral to modern DNA
replication. These uracil–b-hairpin interactions, which
mimic base pairing, therefore suggest an obvious way for
peptides to become early coenzymes in an RNA world.
The importance of this interaction is supported by the
association of some DNA-repair enzymes with the ribo-
some [55] and their early evolutionary development,
implied by the conservation between bacterial- and
eukaryotic-enzyme structures. Given evolution by alter-
ation of existing macromolecules, the detailed structural
example of a specific uracil–polypeptide backbone inter-
action provides a plausible mechanism for the develop-
ment of RNA–peptide interactions antecedent to
contemporary ribosomes. In fact, the unusual associa-
tion of a tyrosine corner, specific to b-barrel Greek key
connections, with the dUTPase b hairpin that recognizes
uracil, along with the involvement of this tyrosine in
selecting deoxyribose over ribose, suggests that the tyro-
sine and consequently deoxyribose specificity developed
after the b-hairpin folding was otherwise determined.
Overall, the results from the four high-resolution struc-
tures presented here provide novel and detailed insights
into the exquisite specificity of dUTPase for dUTP, the
structural and catalytic implications of the biological
trimer, and possible mechanisms for phosphoester-bond
cleavage. As the structure of a viral dUTPase has been
solved [56] and a complete description of this viral
enzyme can be expected soon, comparisons among the
human, E. coli, and viral enzymes should enhance
understanding of dUTPase action and aid design of
species-specific enzyme inhibitors.
Materials and methods
Expression and purification of human dUTPases
Human dUTPase was expressed in E. coli using plasmid pEM409. This
vector consists of a 2.9 kilobase BamH1–EcoR1 fragment of pBluescript
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KS+ (Stratagene), a 110bp BglII–NdeI fragment of pET11-a (Novagen)
containing a phage T7 promoter linked to the vector by a BamH1/BglII
fusion, and the human dUTPase open reading frame inserted between
the NdeI and EcoR1 sites. The human dUTPase was modified by PCR to
contain six histidine codons immediately following the first ATG codon.
The PCR primers were designed such that in the amplification product
an NdeI site encompassed the start codon, and the stop codon was
flanked by an EcoR1 site. This facilitated cloning of the modified cDNA
on an Nde1–EcoR1 fragment into the expression vector. The resulting
clone was sequenced to verify that no extraneous mutations were intro-
duced during the PCR.
E. coli strain BL21(DE3) was transformed with pEM409 and a single
ampr colony was then used to inoculate 5 l of 2 × yeast tryptone
medium containing 50 mg–ml–1 ampicillin. The culture was grown at
32°C to an OD600 of 1.0 at which point dUTPase expression was
induced by addition of IPTG to give a final concentration of 0.2 mM.
Cells were incubated for an additional 90 min and harvested by cen-
trifugation. Cell pellets were resuspended in a minimal volume of soni-
cation buffer (50 mM sodium phosphate pH 8.0 and 300 mM NaCl) and
lysozyme added to give a 1 mg ml–1 solution. This suspension was incu-
bated at ambient temperature for 30 min and phenylmethylsulfonyl fluo-
ride (PMSF) added to a final concentration of 100 mM. At this point
cells were disrupted by three freeze thaw cycles using dry ice/ethanol
followed by three 40 s bursts of a Braun sonicator fitted with a microtip
while the cell suspension was cooled in ice. All subsequent steps were
carried out at 4° C. Cell debris was removed by centrifugation at
10 000 × g for 30 mins and the supernatant loaded onto a 10 ml
column of Ni2+ agarose pre-equilibrated with sonication buffer. The
column was washed with sonication buffer until the OD280 of the
column eluate was less than 0.01, at which point any remaining non-
specifically bound proteins were removed by washing with wash buffer
(50 mM sodium phosphate pH 6.0, 300 mM NaCl, 10 % glycerol) until
the OD280 had again reached 0.01. Histidine fusion protein was eluted
with a 30 ml gradient of 0–0.5 M histidine in wash buffer. Elution was
monitored at OD280 and eluted protein immediately loaded onto a
5 × 120 cm S300 Sephadex gel-filtration column that had been pre-
equilibrated with TBS. Protein was eluted with TBS at a flow rate of
1.3 ml min–1 and protein-containing fractions collected according to
OD280. The purity of the final fraction was assessed by SDS PAGE and
found to be greater than 99 % by scanning densitometry.
Enzyme reactions contained 50 mM Tris-HCl, pH 8.0, 10 mM MgCl2,
10 mM DTT in a final volume of 50 ml. Reaction mixtures contained 0.02
mg of purified enzyme with 200 mM substrate dUTP. When the other,
non-substrate nucleotide triphosphates were tested, 1.0 mg of enzyme
was present. Assays were performed at 37°C and initiated by addition
of enzyme. Reactions were terminated by boiling for 3 min followed by
centrifugation (11 000 × g for 10 min) to remove insoluble material. The
supernatant containing the reaction products was analyzed by HPLC
on a Waters 8PSAX strong anion exchange column using 0.5 M
KH2PO4 pH 3.35 (flow rate 2.0 ml min–1) as the mobile phase.
Nucleotide metabolites in the assay were identified by comparison of
retention times with those of individual nucleotide standards. The
dUTPase activity was calculated by monitoring the rate of decrease in
the area of the dUTP peak over fixed periods of time.
Site-directed mutagenesis
Site-directed mutants of human dUTPase were generated using a mod-
ified polymerase chain reaction (PCR) technique. Mutant Phe135→Ala
was produced by PCR amplification using a mutant 3′ PCR primer. The
other mutants (Ser63→Cys, Ser63→Ala, Ala75→Gly, Tyr82→Ala and
Tyr82→Phe) were produced by amplifying the dUTPase gene in two
separate portions, the first portion extending from the DNA encoding
the enzyme’s N terminus and terminating in a mutagenic oligonu-
cleotide, the second portion extending from the 3′ end of the muta-
genic oligonucleotide to the C terminus of the enzyme. Mutants were
produced by ligating these products, generating a single stretch of
DNA containing an internal point mutation. Ligation between identical
products was prevented by including restriction enzymes Nde1 and
EcoR1 in the ligation reaction. These enzymes cut at the restriction
sites in the 5′ oligo of the first product and in the 3′ oligo of the second
product. Amplification with PFU (a proof reading polymerase) ensured
that the termini of the products to be ligated were blunt ended. The lig-
ation products were further amplified to facilitate subcloning into
pBSK+ cut with Hinc2. All mutations were confirmed by sequencing in
vector pBSK before subcloning into the Nde1/EcoR1 sites of
pEM409. Mutant enzymes were expressed in pEM409 and purified as
described for the native enzyme.
Amino acid sequence conservation
The deduced amino acid sequences for nine different dUTPase
enzymes were aligned using a local multiple sequence alignment
program (developed by CM Bruns) that performs a global alignment
sequentially based on an empirical scoring matrix. The sequences were
input into the program and aligned in the following order: human [20],
E. coli [57], Saccharomyces cerevisiae [12], a herpesvirus [58],
tomato [59], vaccinia virus [60], avian adenovirus [61], a parapoxvirus
[62], and a swine poxvirus [63].
Crystallization and data collection
Crystals of human dUTPase were grown at room temperature by the
hanging drop vapor diffusion technique. Equal volumes (3 ml) of the
protein solution (20 mg ml–1), in 20 mM N-(2-hydroxyethyl)piperazine-
N′-(2-ethanesulfonic acid) (HEPES), pH 7.5, and 100 mM NaCl, were
mixed with reservoir solutions containing 1.0–1.2 M sodium citrate
(Sigma), pH 8.0, and 100 mM imidazole/malate buffer, pH 7.5 to 8.5.
The crystals grow in two to three days, and contain three dUTPase
subunits per crystallographic asymmetric unit. These crystals have a
VM [64] of 2.2 Å3 Da–1, which is within the range observed for other
protein crystals.
X-ray diffraction data for dUTPase and for the complexes were col-
lected at room temperature using a 30 cm MAR research imaging plate
and a typical oscillation width of 1.0° per frame. Complete data sets
were collected from a single crystal of typical dimensions 0.4 mm ×
0.3 mm × 0.1 mm at a wavelength of 1.54 Å using a Siemens rotating
anode X-ray generator operating at 50 kV and 100 mA and an exposure
time of 15 mins per frame. Data for the enzyme–nucleotide complexes
were collected from single crystals that had been soaked in reservoir
solution containing 50 mM of either dUMP, dUDP or dUTP for 18 h. All
data were processed using the programs DENZO and SCALEPACK
[65]. Attempts to soak divalent metal ions into the crystals were pre-
cluded by the high concentration of sodium citrate in the mother liquor
and the fact that the crystals are not stable in solutions lacking citrate.
The high citrate concentration did, however, allow us to collect data on
the dUTPase–dUTP complex. The substrate dUTP would otherwise
have been cleaved and released.
Molecular replacement and phasing
Molecular replacement calculations were performed with a local ver-
sion of the AMoRe suite of programs [66] by using as a model the 
crystallographic trimer of E. coli dUTPase (Brookhaven Protein Data
Bank entry code 1DUP). Rotation function and translation search 
calculations were performed with all data (5 237 reflections, 96 % com-
plete) in the resolution range 10.0–3.5 Å. The search results gave three
top hits each separated from the other by a rotation of g= 120° and
identical translation vectors corresponding to the three hits expected
for a symmetric trimer. The correlation coefficient for these three peaks
was 20.9 and the R value 0.508 (R = S|Fobs– Fcalc|/S|Fobs|), while the
corresponding values for the highest background peak were 12.0 and
0.537, respectively.
Model building and refinement
The correctly oriented and positioned dUTPase model was subjected
to rigid-body refinement of the trimer and then of the individual
monomers, followed by Powell conjugate-gradient energy minimization
using X-PLOR version 3.1 [67], with an overall temperature value of
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20.0 Å2. The R value dropped to 0.41 for 8 406 reflections (92 % com-
plete) in the resolution range 10.0–3.0 Å. The value of Rfree for 5 % of
reflections against which the model was not refined [68] was 0.49.
This model was used to calculate phases weighted to reduce bias
using the sA program [69], and to calculate sA-weighted 2Fobs– Fcalc
and Fobs– Fcalc electron-density maps with the XtalView suite of pro-
grams [70], which were visually inspected with the interactive molecu-
lar graphics program XFIT [71]. In regions where the polypeptide
backbone appeared correct, the amino-acid sequence of human
dUTPase [20] was placed in the electron density. In regions where the
trace of the polypeptide backbone was obviously in error, residues
were deleted. Residues that appeared to be correctly positioned but
whose exact sequence identity could not be established were replaced
with alanines. This partial model, containing a total of 106 residues for
each monomer, was refined further in X-PLOR yielding values of
R = 0.36 and Rfree = 0.40 for data from 10.0—3.0 Å resolution. Inspec-
tion of sA-weighted 2Fobs– Fcalc and Fobs– Fcalc electron-density maps
calculated with this partial model clearly showed the trace of the
polypeptide backbone for the regions of the model that had been
omitted and the correct amino-acid sequence was fitted to these maps.
Further refinement of this revised model was performed in two cycles
increasing the resolution limit in 0.2 Å increments, and electron density
maps calculated to 2.6 Å resolution. Throughout these early stages of
model building and refinement only one of the three noncrystallo-
graphic subunits was inspected and fitted to the electron-density
maps. This subunit was then superimposed on the remaining two sub-
units and refinement carried out in X-PLOR using noncrystallographic
symmetry (NCS) restraints. Subsequent rounds of refinement and map
fitting were performed without NCS restraints, and each subunit visu-
ally inspected and fitted to the electron density individually.
With the amino-acid sequence for human dUTPase fitted for each
subunit, refinement commenced using rounds of stereochemically-
restrained simulated annealing and positional refinement with X-PLOR,
followed by refinement of the individual atomic temperature values. The
data to 2.0 Å resolution were included in the refinement in 0.1 Å incre-
ments, interspersed with manual inspection and rebuilding of the struc-
ture. Areas of the structure where the electron density was difficult to
interpret, or where the main-chain torsional angles were in unfavorable
areas of the Ramachandran plot [72], were inspected in simulated-
annealed omit maps in which approximately ten residues were omitted
from the phase calculation. Ordered solvent molecules were manually
fit to Fobs – Fcalc electron-density maps and included in the refinement at
higher resolutions. Following refinement with X-PLOR, the model was
then refined using the TNT suite of programs [73] including all of the
low-resolution data. Throughout the course of model building and
refinement, progress was monitored by the consistent decrease in the
values of both the conventional crystallographic R value and the free R
value. Refinement of the human dUTPase–dUMP, dUTPase–dUDP and
dUTPase–dUTP structures were done in an analogous manner to that
of the uncomplexed structure.
Surface potential was calculated with DELPHI (Biosym Technologies,
Inc.) with AMBER partial charges, an ionic strength of 145mM, and
solute and solvent dielectric constants of 2.0 and 80.0, respectively.
Solvent-accessible surfaces were calculated with a probe radius of 1.4Å.
Accession numbers
Coordinates are being deposited at the Brookhaven Protein Data Bank.
Note added in proof
After submission of this paper, the crystal structure of E. coli dUTPase
complexed with dUDP was published [74], which confirms the compar-
isons proposed here for the active sites in the human and bacterial
enzymes. However, in the reported E. coli dUTPase–dUDP complex, the
enzyme–phosphate interactions are mainly through water molecules: the
C-terminal tails, which cap each of the three active sites in the human
dUTPase–ligand complexes, were not seen in the electron density.
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